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Introduction
Clathrates are solid phases in which a solid network of hydrogen-bonded molecules is organised to generate an internal structure of nanometric cavities capable of encapsulating other components. If the solid network is a water-based network, and if the encapsulated molecules are gas molecules, the corresponding phases are referred to as "gas hydrates". From the sixties, the investigation of gas hydrates, and in particular the thermodynamics of gas hydrates, has been the subject of intense research activities, with respect to both experimental studies as well as modelling in order to understand and prevent the formation of hydrates in oil pipelines. In fact, the combination of light hydrocarbons and water, from the gas phase, or from the liquid phase, can be observed both in gas production and oil production processes.
The thermodynamics of hydrate formation/dissociation has been well understood and a model description has been established by the fundamental work of van der Waals and Platteeuw [1] . The originality of their model [1] is to consider light molecules as adsorbed molecules, and to consider the hypothetical empty network of water molecules providing the cavities as a solid acting as the adsorbent. The light molecules are distributed in the cavities with respect to their relative affinity. The relative affinity between a guest atom or molecule and the water molecules forming the cavity is quantified by the respective Langmuir constant.
The Langmuir constant has been tabulated from a physical description which depends on the interaction potential between the guest molecule and the structure. The overall structure is physically stable once the cavities are filled to a sufficiently great extend.
The fact that the empty cavities of the lattice structure are capable of encapsulating light molecules can be used as a profitable property to separate molecules, for example from gas mixtures. The original idea has been developed in order to separate molecules that could not be separated by classical distillation. From the beginning of the 1990s, the concept has moved towards the capture of CO 2 . Many laboratories have recently focused on the investigation of the CO 2 /N 2 and the CO 2 /CH 4 gas mixture, respectively, with respect to both, post combustion separation applications and natural gas production.
The present paper has been motivated to explore theoretical considerations which follow from the fact that the hydrate crystallisation is a non-equilibrium process. Whereas the total quantity of gas to be encapsulated in order to stabilise the structure physically is fixed by thermodynamic considerations, the relative composition of the hydrate is governed by the kinetics of the crystallisation process. The hydrate composition becomes dependent on the classical Langmuir constant, but also on new intrinsic constants. Finally, the hydrate composition during crystallization becomes dependent on the geometry of the reactor in which the experiment is being performed. In fact, the hydrate composition depends on the composition of the bulk phase in a way which is in detail outlined in this work. The bulk composition in turn depends on the coupling between the gas consumption rate at the surface of the crystal and the mass transfer rates at the boundary of the bulk phase. The overall modelling of the process is based on the (simultaneous) modelling of all those single elementary steps. It would require taking into account population balances in order to model nucleation, growth, agglomeration, and mass transfer to describe the gas absorption at the gas/liquid interface. This paper focuses on the modelling of the growth rate only and does not deal with this global modelling which has been reviewed in detail by Ribeiro and Lage [2] .
In conclusion, the paper presents a new description of the growth rate and hydrate composition during crystallisation. The first part of the document is devoted to the description of the structure of the hydrate and to the definition of the intrinsic rate of integration of the gaseous species into different types of cavities, based on intrinsic kinetic constants describing the Langmuir type of adsorption. The second part deals with the classical description of the thermodynamics of the hydrate formation. However, the resulting expressions are modified by consideration of the non-equilibrium nature of the hydrate crystal growth. Finally, a mathematical approach is proposed to solve the coupled equations accounting for mass transfer (diffusion around crystals) and intrinsic growth rates.
Hydrate structure
Clathrates are ice-like solid phases in which the water molecules form a three-dimensional network. The underlying crystallographic organisation is based on H-bonds between the constituting water molecules. The clathrates of water are also designated improperly as "porous ice" because the water molecules form a solid network of cavities in which the molecules of gases, volatile liquids or other small molecules can be captured. Each structure is a combination of different types of polyhedra sharing faces between them. Jeffrey [3] suggested the nomenclature e f to describe each of these polyhedra: e is the number of edges of the face, and f is the number of faces with e edges. Currently, three different structures, called sI, sII and sH, have been precisely determined experimentally. A complete description of the structures, the characteristics of which are compiled in Table 1 , can be found in the books of Sloan and Sloan and Koh [4, 5] . For example, structure sI is a cubic structure, the unit cell of which is composed of 42 water molecules, where the cavities possess a radius of 1.2 nm. It provides a network composed of two pseudo spherical cavities 5 12 and six cavities 5 12 6 2 which is capable of encapsulating gas molecules of a size and dimension being compatible with the respective internal radius of the cavities of 0.395 nm and 0.433 nm. c For ethane hydrate [6] .
d For tetrahydrofuran hydrate, from [6] .
e For methylcyclohexane-methane hydrate [6] .
Langmuir approach describing the enclathration during crystallization derived from kinetic considerations
The classical approach of van der Waals and Platteeuw [1] provides a description of the thermodynamics of equilibrium involving clathrate hydrate phases. In this approach, the encapsulation of gas molecules in the empty cavities is described similarly to the adsorption of molecules on a two dimensional surface. During crystallisation (here in a liquid system), the crystal is assumed to be surrounded by two successive layers: an integration layer and a diffusion layer. The integration layer is the region of volume in which a transition between the solid state and the liquid state occurs.
Following the approach of Svandal et al. [7] , the integration layer can be considered as a solidification layer. It is described by means of the scalar phase field and a composition . In contrast to Svandal et al. [7] , a model description of the profiles of the scalar phase field or the composition variables is not given in this work. We only assume that they exist and simplify the problem by introducing Eq. (13) which is described below.
The modelling of the diffusion layer is easier, since it is a liquid, though continuous, phase In such a system, the different species j are enclosed by the sites in proportion to their relative affinity. 
where , , e
x j i k is the corresponding kinetic rate constant of enclathration of species j in a cavity of type i,. The subscript x at the symbol k refers to the mole fraction as the particular concentration variable chosen for ζ .
The liberation of guest species j from the cavities of type i due to the declathration process can be described by the following rate law
In other words, the corresponding molar rate , d j i r is directly proportional to the occupancy factor j i θ , i.e. the fraction of cavities i which are filled with guest species j .
As a result, we can define a local flow rate of component j which results from the unbalance between adsorption and desorption:
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Eq. (3) can be rewritten as:
Particular case of equilibrium
At equilibrium, 0 j i F = , and the following relation is derived from Eq. (4), holding for all g j S ∈ , taking into account that , bulk
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With the Langmuir constants ,
x j i C defined as the ratio between the rate of enclathration and declathration according to:
, , e , , d
Eq. (5), can be re-written as:
0
Summing up Eq. (7) over all guest species leads to g g g , , ,
Finally, by inserting Eq. (7) into Eq. (8), the following relation is derived for j i
Enclathration during crystallisation
The surface of crystal is supposed to be covered with cavities under formation, which can be regarded as "opened cavities" or active sites. They are assumed to cover the surface and we ). Each type of opened cavity i is exposed to a rate j i F (mole of component j /mole of cavity of type i /unit of time). During the growth of the crystals, the rate by which the gas molecules j (mole per unit of time) are incorporated into the cavities of the newly created volume is given by:
Where s A denotes the total surface area of the growing crystals. The crystal is assumed to grow at a rate G ( 
A general consideration to be taken into account is the following relationship that for each cavity i , but for two different molecular adsorbents j and j′ , is obtained from Eq. (13):
From Eq. (15) it follows that a characteristic constant i a can be defined according to:
After summation over all guest species j , the total flow rate i F of guest molecules arriving at the cavity i under construction is
Thus, with Eq. (14) it can be found from Eq. (17) that for all
During crystallisation, the cavities of the crystals under formation can encapsulate components in consideration of the unbalance between the declathration and enclathration rate. Therefore, from Eq. (4) and (6), the overall rate j i F by which molecules of type j are accumulated in the cavities of type i is given by
However, once it has been formed and because it has been formed, the hydrate can be considered being in equilibrium with the integration layer at composition j x . For this phase, all of the conditions characterising a state of equilibrium and especially: ,
are assumed to hold. Therefore, upon substituting the right hand side of Eq. (20) (1 )
Another way to describe the problem is to start again from Eq. (19) and to write it in the form , , int , d
Combining Eq. (22) with
leads to the following identity 1 1
which is equivalent to
Eq. (26) has a strong consequence. The left member of the equality in Eq.(26) is a driving force, expressed here by a difference of the mole fraction of the species to be integrated in the structure under growing. This driving force is the same for any cavities. It means that the right member of the equality in Eq. (26) is also independent of the cavity. It can be stated more specifically that the ratio , d at the interface between the integration layer and the diffusion layer.
To composition can be evaluated from a mass balance in Eq. (30) giving the equality between the integration rate due to the Langmuir type of enclathration (lef-hand-side), and the gas diffusion around (right-hand-side):
where , bulk x j i j
, , int '
The Langmuir coefficient is usually calculated by using a modified Kihara approach in which the mole fraction 
where the quantity j d has the dimension of a molar flux and thus . For more details on that issue, see [4, 5] .
A fruitful reading could also be our previous study [11] which has motivated the work presented in this article. In fact, it focuses on the inter-dependency of internal parameters (i.e.
Kihara parameters versus reference state parameters) and points to the difference between the experimental data from different laboratories. 
In Eq. (35), R is the universal molar gas constant and θ r is the vector of independent occupancy factors. The summation is to be performed over all types of cavities (e.g., the two types of cavities, 5 12 and 5 12 6 2 in case of a sI hydrate with a stoichiometry of 2 and 6, respectively, as shown in Table 1 ), counted by the index i . Therefore, it needs to be selected with precaution when being used in calculations of the Langmuir coefficient together with Kihara parameters which are retained on the other hand [11] . Once Table 2 , the growth rate G fulfils the equation
Finally, the local equilibrium is defined when the values of G and , int j x for all g j S ∈ satisfy Eq. (34) and (37).
The calculation procedure is outlined in more detail in Figure 2 . It is a double convergence loop. In the first loop, an iteration is performed on the growth rate in order to satisfy Eq. (37) describing the hydrate stability. From a physical point of view, the G value is the value at which the structure can grow by incorporation of solute gas to such an amount that is sufficient for stabilising the structure (i.e. the cavities are filled to a sufficient extend). The relative proportion to which the different gas molecules j are entering the structure is determined in the second convergence loop which is an indirect consequence of the competition between the diffusion rates around the crystals and integration rates in the 
On the other hand Eq.
Eq. (40) around the growing hydrate.
Discussion
The approach which has been developed here needs to be compared to the pioneering works of Englezos et al. [13, 14] . In contrast to our model, Englezos et al have postulated that the integration of any of the hydrate forming guest species is independent from the integration of all the other guest species. He assumed a global intrinsic reaction rate R defined according to:
where
with j K * and j D being, respectively, the intrinsic kinetic constant and the diffusion constant of component j around the growing crystals, respectively. The difference , eq j j f f − is the driving force, conventionally taken as the difference between the fugacity in the vicinity of the growing crystals and the fugacity of the hydrate at equilibrium. One of the important assumptions of the model of Englezos et al. [14] is that the equilibrium fugacities are calculated independently, although the authors do not give a clear instruction of how they are exactly to be calculated.
For a single gas hydrate, this equation has the advantage to simplify to a popular model in crystallization, known under the acronym of BCF model (from Burton, Cabrera and Frank [15] ). In this model, the linear dependence of the growth rate to the driving force corresponds to the growth of a rough surface. It can be further assumed that the overall mechanism of the coupled processes of integration and diffusion exhibits a first order dependence on the fugacity. Moreover, for a single gas, there is no competition between the different components to occupy the cavities up to the adequate filling level which stabilizes the structure physically and chemically.
For gas mixtures, the model of Englezos et al. [13, 14] considers that the molar flux of molecules is the sum of independent individual fluxes. However, the model does not describe the local hydrate stability during crystallization as a consequence of the crystallization itself, which instead needs to be assumed independently. Neither the papers of Englezos et al. [13, 14] are clear on that point, nor more recent work [16] that has inherited features from the model of Englezos et al. [13, 14] . The authors [16] state that the hydrate composition is calculated by using a particular software (MEGHA software) without giving a detailed description of the vector of mole fractions of the guest molecules
being used in calculating the occupancy factors of the cavities, as for example in Eq. (8) and (9) with x ζ ≡ .
In the approach defended here, the local hydrate stability is coupled with the crystallization itself. The competition between gas molecules, firstly at the diffusion layer scale and secondly at the integration layer scale, is considered as the fundamental rule to describe the growth rate under non-equilibrium conditions. The hydrate stability, i.e., the mole fraction at equilibrium j x , becomes intrinsically dependent on the crystallisation mechanisms and kinetic rates. As a result, both the hydrate composition and the growth rate become dependent on the intrinsic kinetic constants (Figure 2 ).
Numerical application
We have tested the model against CO 2 -N 2 hydrate. The underlying gas mixture is an example for a mixture as it is typically encountered in the separation of flue gases emitted in combustion processes. CO 2 is highly soluble in comparison to N 2 . The solubilities are calculated by means of a Henry's law approach as described in the monograph of Sloan (1998), p. 250ff [4] , using the parameters of the corresponding correlation equation for CO 2 and N 2 as given in the same literature source on p. 253, [4] . The respective diffusion constants of the two gases in water, Figure 2 . This loop of convergence expresses the mass balance between the species migrating across the diffusion layer around the particles due to diffusive transport and the species being incorporated into the particle.
The second loop of convergence imposes the restriction that the hydrate particle is at local equilibrium with its surrounding integration layer. Therefore a thermodynamic calculation needs to be performed in which the equality of the chemical potential of water in the hydrate and the liquid phase, using the expressions given in Eqs. (36) and (37), is verified. The numerical values of the thermodynamic constants are taken from [11] . The simulation is performed at a pressure of 4 MPa. Figure 3 which can be formed contains 80% of CO 2 . The deactivation of CO 2 needs to be compensated on the N 2 side. This is achieved from both a decrease of the diffusion and growth rate, respectively, as a consequence of Eq. (34).
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1.00E-07 If the intrinsic growth rate constants are high, the composition of the hydrate remains close to the value at equilibrium. In such a case, the rate of gas consumption at the particle level can be evaluated only from a diffusion limiting rate in the diffusion layer around the hydrate particle. The growth rate becomes only dependent on the diffusion coefficient in water, and the concentrations of the solute species in the bulk.
Remark: The calculation has been carried out here in consideration of the equilibrium between the gas species being dissolved in the liquid phase at a concentration in with the gas phase following the Henry's law approach described earlier [4] . In practise, the solute concentration in the bulk, during a crystallisation process, is dependent on both, the gas consumption rate at the hydrate particle level and on the gas diffusion rate at the gas/liquid interface.
Such a complete modelling has not been the subject of this work, because it implies to couple this approach with a complete crystallisation model and to validate against experimental results. The different approaches including in particular the one we have developed for a single gas and pure water [18, 19] or with inhibitors [20] are reported in [2] .
Conclusions and Remarks
A Langmuir kind of approach has been established at the origin of the thermodynamic modelling of the hydrate phases [1] . The derivation results in a non-equilibrium approach.
Both the growth rate and the hydrate composition become dependent on the competition between the different molecules to get enclathrated in the structure under formation. In addition, they turn out to become dependent on the gas diffusion around the hydrate crystals.
The procedure results in the definition of a non-equilibrium hydrate composition with a new analytical expression of the composition (Table 2) in which the composition and growth rate become dependent on intrinsic kinetic constants. Composition and growth rate turn out to be variables that are not independent of each other. Hence, an iterative solution method is required to solve the coupled equations of hydrate stability and mass balance (Table 2) The approach presented in this work has been successfully implemented in the general algorithm presented in a previous study by Herri et al. [11] . It was initially devoted to the calculation of Langmuir constants j i C and has been modified here by means of the procedure described in this work and summarised in Table 2 to calculate the growth rate G and the hydrate composition ( j i θ from Table 2 ). Intrinsic kinetic constants j k are acting as input parameters.
Once the local state conditions of temperature T , pressure p and composition , bulk j x in the bulk phase are known, the composition of the hydrate can be computed.
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